Abstract We study source, path, and site effects for eastern Iran earthquake, based on regression analysis of 243 three-component Fourier acceleration spectra from 32 eastern Iran earthquakes with moment magnitude M 4.4-7.4, recorded at hypocentral distances from 5 to 250 km. The geometric spreading follows a trilinear behavior. The first and second hinges of the trilinear behavior are at 87 and 119 km, respectively. The associated quality factor (Q) based on the horizontal components is Qf 166f 1:13 . The site-dependent parameters κ 0 for vertical and horizontal components are 0.035 and 0.048, respectively. Because of lack of station-specific site information, the horizontal-to-vertical ratio is considered to be a rough estimation of generic site amplification. The mean value of Brune stress drops estimated for the events is 81 bars. To construct an empirical model for source spectra (horizontal component of the shearwave spectrum), for M 4.4-7.4, we tested several functional forms, including those suggested for California and eastern North America, to search for the best combination of the coefficients that minimizes the average residual errors. The model we attained is a function of two multiplicative corner frequencies of f a and f b and a parameter ε: A 0 f; M 0 CM 0 2πf 2 =f1 f=f a 2 ε 1 f=f b 2 1−ε g, in which logf a 2:69 − 0:56M, logf b 3:40 − 0:53M, and logε 0:10 − 0:03M.
Introduction
The eastern part of Iran is a region with high levels of seismic activity and has suffered numerous destructive earthquakes with thousands of casualties throughout its long history, including several major ones in recent decades (e.g., 1968 M 7.4 Dasht-e-Bayaz, 1978 M 7.4 Tabas, 1979 M 7.0 Ghaen, 1979 M 7.2 Birjand, 1981 M 7.2 Sirch, 2003 . The major tectonic provinces of the region are the Kopet Dagh folded belt (Tchalenko, 1975) , eastern Albourz, and eastern Iran's plateau, an area of complex block movement. Near its southwest corner, the region approaches the Zagros main thrust line. Along its eastern edge, the region is bound by the north-south trending Harirood fault which, despite its current aseismic character and pre-Jurassic age (Stöcklin, 1968) , serves as a boundary between the aseismic zone of western Afghanistan and the highly seismic region of eastern Iran (Shoja-Taheri and Niazi, 1981) .
A reliable seismic-hazard evaluation for this region requires the study of the regional specific seismic-source and wave-propagation parameters. These parameters can be used to predict average expected ground-motion amplitudes. The result of analyses of strong ground motion records are used to examine the key specific characteristics of seismic source and seismic propagation of ground motions (e.g., geometrical spreading coefficient, anelastic attenuation coefficient that is inversely related to the quality factor Q, the spectral decay parameter kappa κ described in the following sections). Source spectral amplitudes A 0 M 0 ; f of earthquakes are evaluated by correcting the Fourier acceleration amplitude for wave-propagation parameters. We also estimate a model of two-corner source spectra for eastern Iran based on works of Boatwright and Choy (1992) , Atkinson (1993) , Haddon (1996) , and . This model is compared with similar two-corner source models evaluated for other regions and with the one-corner frequency of the Brune (1970) model.
Strong Ground Motion Data
In this study, Fourier amplitude spectra of 729 acceleration time series, with 200 samples per sec recorded by 243 three-component of instruments obtained from the Iran Strong Motion Network (ISMN) (see Data and Resources) for 32 earthquakes (see Fig. 1 and Table 1 ), were computed and analyzed. The earthquake moment magnitudes are between 4.4 and 7.4 with hypocentral distances between 5 and 250 km. Magnitudes of smaller events were determined by using strong-motion data.
Attenuation of Ground-Motion Amplitudes
Empirical studies of the attenuation of ground-motion amplitudes are usually based on regression of data to a relation of the form log A ij f log A i0 f − b log R ij − c 4 fR ij log S j f; 1 in which A ij f is the observed spectral amplitude of earthquake i at station j, A i0 f is the source spectral amplitude of earthquake i, R ij is the hypocentral distance, b is the coefficient of geometrical spreading, c 4 f is the coefficient of anelastic attenuation, and S j f corresponds to site response (e.g., Atkinson, 1989; Woodgold, 1990; Atkinson and Mereu, 1992) . These coefficients are discussed in the following sections.
Site Effect Sf
It is well known that the soil layers at a given site influence the final surface ground motion and cause modification of amplitude and frequency content of the bedrock motion. Although this modification is a part of the path effect, local site conditions are considered to be independent of the distance between the source and the site. In general, the overall site effect Sf is the site amplification at near surface Bf multiplied by the near-surface attenuation, which is commonly used as expπfκ 0 Boore, 2003) :
Because of the lack of adequate information on soil classification for the ISMN stations used in this study, we can alternatively replace the site amplification Bf with the horizontal-to-vertical (H/V) ratio, which is generally known to be a rough estimate of site amplification (e.g., Nakamura, 1989; Lermo and Chávez-García, 1993 ; Beresnev and Figure 1 . Distribution of earthquakes in eastern Iran that were used in this study. Triangles display locations of the recording stations. Atkinson and Cassidy, 2000; Siddiqqi and Atkinson, 2002; and Motazedian, 2006) .
In equation (2), κ 0 characterizes the near-surface attenuation and is related to the kappa factor κ κ 0 κ r R (Anderson and Hough, 1984) . Parameter κ for horizontal and vertical components were obtained from the slope of the smoothed log Fourier spectral amplitudes in the frequency band within which the spectral amplitudes start to decay exponentially and stop decreasing with frequencies due to background noise. The observed beginning frequency of the log-linear bands varies between 2 and 5 Hz depending on the event size and hypocentral distance. The distance-dependent κ for horizontal and vertical components are κ h 0:048 0:0001R and κ v 0:035 0:0001R, respectively. A larger value of κ 0h compared with that of κ 0v confirms that the attenuation of higher frequencies is less on vertical components than on horizontal components. This implies that the vertical components are affected less by local site conditions. There are several estimates of κ 0 for various parts of the world. Boore and Joyner (1997) gave an estimate of κ 0 0:035 for generic rock sites in California. κ 0h 0:05 and κ 0v 0:029 were obtained by Motazedian (2006) for northern Iran, which is located immediately near the northwest of the study region. The most ambiguous part is the κ 0 -value, which should be incorporated with the H/V ratio because both horizontal and vertical components have already gone through surface attenuations, but with different κ 0 -values. Although it is assumed that the vertical amplification is negligible compared with the horizontal, considerable near-surface attenuation for vertical component is observed (κ 0v 0:029 in this study). The common case is when κ 0v is not zero and is not identical to κ 0h . In this general case, a portion of κ 0 -value (Δκ 0 κ 0h − κ 0v ) has already been included in the H/V ratio; thus, it should be subtracted from the near-surface attenuation term for the horizontal component. Hence, the site term for the horizontal component (Motazedian, 2006) can be considered as Sf H=Ve −πκ 0h −Δκ 0 f H=Ve −πκ 0v f :
To calculate the H/V ratio, we tested several cases (e.g., averaging, linear, and quadratic regressions of ratios with frequency). The results indicated that the case of averaging the H/V ratio taken over the whole frequency content would comparatively minimize the average residual errors for the source function that we are ultimately seeking for the earthquakes in the area. So site effect becomes
in which H=V ij is the average of H/V ratios of the earthquake i registered at station j. 4
Geometrical Spreading
Validity of assuming a simple shape for the attenuation curve, with a constant geometrical spreading b for both nearsource and regional distances, is questionable. The wavepropagation studies indicate that the expected shape of amplitude decay for simple layered crustal models is complex (e.g., Burger et al., 1987; Ou and Herrmann, 1990; Atkinson and Mereu, 1992) . Layering in the crust causes direct-wave amplitudes to decay more steeply than R −1 . Then, as the direct arrivals are joined by postcritical reflection off the Moho and intracrustal discontinuities, there may be distance ranges over which amplitudes actually increase with distance, between approximately 50 and 200 km. Atkinson and Mereu (1992) have shown that the attenuation curve in southeastern Canada has three distinct sections. Their results indicate that at distances less than 70 km, corresponding to attenuation of the direct wave, amplitudes decay slightly more rapidly than 1=R. Between 70 and 130 km, the amplitudes are approximately constant. Beyond 130 km, amplitude decays at a rate that is consistent with R Geometrical parameters represented by b in the attenuation relation show negligible variation with frequency (Atkinson and Mereu, 1992; Atkinson, 2004; Allen et al., 2007) . In addition, for frequencies less than 2.0 Hz and for distances shorter than 100 km, the anelastic coefficient is also negligible (Atkinson, 2004) . Thus, we chose to examine the shape of the near-source attenuation by using only a subset of earthquakes which were recorded by at least three stations within 100 km from the hypocenters (there are 29 earthquakes which have this condition). As the first approximation (due to theoretical approach), it is assumed that the source spectrum of each subset events at low frequencies can be estimated by correcting observed spectra for geometric spreading by multiplying the distances R by b 1. This is close to the b 1 -value given for this region by Shoja-Taheri et al. (2007) .
For observations within 100 km, the source spectrum of each earthquake at frequency 1.56 Hz can be estimated using equation (5) by averaging (log average) the site-corrected attenuation spectra over all stations that recorded the event (e.g., Atkinson, 2004) . In this relation, A ′ ij is the site-corrected amplitude spectrum of event i recorded at station j, N is the number of stations that recorded the event, f is the frequency (which is 1.56 Hz in this relation), and log A i0 f is the log of source spectrum:
Subtracting equation (5) from equation (4) gives the normalized spectral amplitude log A nij f as described in equation (6), which depends only on geometrical spreading and anelastic attenuation for f < 2 Hz:
As shown in Figure 3 , the rate of decay of log A nij f varies with distance. At distances less than 80 km, the amplitude decays nearly constant. Between 80 and 120 km, the amplitudes are approximately constant. Beyond 120 km, the amplitudes also decay at a constant rate. To estimate the Figure 2 . Distribution of the earthquake magnitudes versus hypocentral distances.
attenuation parameters of b and c 4 f in equation (6), we allowed the parameter b to take separate values b 1 , b 2 , and b 3 in three different distance ranges using the hinged trilinear form of attenuation. We then applied the Monte Carlo simulation technique (Kalos and Whitlock, 2008) by generating random numbers confined within the predefined ranges (Table 3) . We tested all possible combinations of the coefficients to search for the combination that minimizes the average residual errors. The best fits for the parameters that yield minimum mean of residual and minimum standard deviation are listed in Table 3 .
Q Factor
The parameter c 4 f can be related to quality Q factor. According to Bakun and Joyner (1984) , Qf is given as Qf πf=c 4 fβ ln 10; 7 in which the average S-wave crustal velocity β 3:5 km=s is assumed. In order to estimate the Q factor for the S wave, we employ equation (8), in which A ″ ij is the spectrum of event i at station j corrected for both geometrical spreading and site effects. While variation of geometrical parameters b with frequency is negligible, dependency of anelastic attenuation on frequency cannot be ignored. Therefore, c 4 f is evaluated by using the b-values that were estimated at the low frequency. So we have
8 At a given frequency, events with the same moments lead to the same source spectrum A i0 f. Hence, for a given moment, c 4 f is simply equal to the slope of logA ″ ij versus R ij . Applying c 4 f values in equation (7) gives the quality factor Qf values. Figure 4 shows Qf as a function of frequency. Fitting Q-values versus frequency with the form Q Q 0 f α (Aki, 1980) gives Nuttli (1980) showed that the attenuation of 1 s period crustal phases in Iran is relatively high, with an apparent Q-value of 150 for Sn and 125 for Pg.
Source Parameters
The source spectra A i0 f in equation (8) can be written in terms of Qf parameter as
10 in which A ″ ij f is the amplitude spectrum corrected for site effect and geometrical spreading. The source spectra A i0 f in equation (10) can now be evaluated using the Qf values. We now compare the source spectrum A i0 f with the Brune source model (Brune, 1970) , which is generally employed for interpretation of earthquake source spectrum. The Brune point-source model simply relates the shear-wave radiation to the stress release across a circular fault rupture; its radius is related to the corner frequency. The high-frequency level of the source spectrum in the Brune model is controlled by the stress, whereas its low-frequency level is proportional to the seismic moment. Thus, the model interprets the observed spectra in terms of moment magnitude and stress drop. To Figure 3 . Decay rate of the normalized spectral amplitudes to a common source level log A nij f versus distance. Table 3 Coefficients of Geometrical Spreading and Anelastic Decay Parameters compare our source spectra with that of the Brune's model we should determine the stress drop and moment magnitude for each earthquake. The Brune's model acceleration spectrum is given by
Here, f 0 4:9 × 10 6 β σ=M 0 3 p ; C FVR θp =4πρβ 3 R, in which the crustal density ρ is equal to 2:7 g=cm 3 , shear-wave velocity β is equal to 3:5 km=s, the average radiation pattern for shear waves R θp is equal to 0.55, the amplification of free surface F is equal to 2, the coefficient of energy partition onto two horizontal components V is equal to 0.7, R is distance in kilometers (assumed to be 1 km at source), Δσ is Brune stress drop in bars, M 0 is seismic moment in dyne centimeters, and σ is the corner frequency in hertz. To determine M 0 , σ, and f 0 , we employed the method introduced by Andrews (1986) . In this method, the source parameters can be evaluated by using the integrals of the squared velocity in which Ω 0 CM 0 is the low-frequency spectrum level of displacement according to Brune's ω 2 model (equation 11). To calculate the integrals of I V and I D for each record, we examined several time spans (including 50%, 75%, 95%, and 100% of the whole trace durations after the onset of S waves) and selected the time duration that gives the best correlation between the moment magnitude reported by the Global CMT catalog and that measured from the strong-motion data. The estimates of f 0 and Δσ are listed in Table 1 .
Mean value of Δσ averaged over all events is 81 36 bars. This is very close to the stress drop reported for California (Atkinson and Hanks, 1995) but is notably less than the stress drops reported for northeastern America (Atkinson and Boore, 2006; Boore et al., 2010) . Figure 5 shows the acceleration source spectra A i0 f for earthquakes with M 4.4-5.9 and M 6.5-7.4 (there is a gap between M 6.0-6.4 in our data) in comparison with the Brune point-source model, which is plotted for a reference stress drop of 80 bars.
Regardless of the large scatter in the observed stress drops (see Table 1 ), the Brune model shape in Figure 5a shows relatively good match with the source spectra for M 4.4-5.9. However, as observed in Figure 5b the spectra of larger events, which are generally associated with finite and extended fault ruptures, do not match with those of the Brune point-source model at low-to midfrequencies. So, we will view, in more quantitative details, the possible departure of the spectral shape of the events from that of Brune's model.
Construction of an Empirical Source Model
Departure of medium to large earthquake spectra from the simple Brune model is expected to be based upon models that would give rise to more than one corner frequency in the spectrum. These models include a rectangular (as opposed to circular) fault rupture (Haskell, 1969; Savage, 1972) , the Brune (1970) partial stress-drop model, and raggedness of fault surface interpreted as the asperity model (Hartzell and Brune, 1979; McGarr, 1981) , the barrier model (Papageorgiou and Aki, 1983) , and multiple-event models (Joyner and Boore, 1986; Boatwright, 1988) . As listed in Tables 4 and 5 , some models of source spectra with two corner frequencies have been suggested for earthquakes in California and eastern North America (Atkinson and Boore, 1995; Atkinson and Silva, 1997; . To construct an empirical two-corner-frequency source model for earthquake source spectra in eastern Iran (horizontal component of the shearwave spectrum), for M 4.4-7.4, we tested several functional forms (including those suggested for California and eastern North America) by employing the Monte Carlo simulation technique (Kalos and Whitlock, 2008) to our ground-motion database to search for the best combination of the coefficients that minimizes the average residual errors. The earthquake source spectrum we attained for horizontal components of ground motion is given by a functional form that represents the multiplication of two Brune spectra with corner frequencies of f a and f b , and a parameter ε given as
in which f a , f b , and ε as functions of magnitude are logf a 2:69 − 0:56M; 
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Comparing the functional form of our model with those reported for earthquakes in California and eastern North America (Table 4) shows that the source spectrum we developed (equation 12) is similar to the functional form of the Joyner (1997) model, with the exception that the parameter ε in our model is magnitude dependent, whereas in the Joyner model this parameter was assigned a constant value of 0.75.
To measure how well our model fits the datasets, the resulting mean residuals are plotted as function of frequency in Figure 6 for M > 6:0 and compared with the residuals corresponding to other model shapes (e.g. Brune, 1970; Atkinson and Boore, 1995; . The Atkinson and Boore (1995) and models both show serious mismatch with our dataset (see Fig. 6a and 6b, respectively) . Figure 6c shows that while Brune's model agrees rather well with the observed spectra within f 2-9 Hz, it overestimates notably the spectra within the low-to midfrequencies. On the other hand, our proposed model (equations 12-15) resembles the source spectral amplitudes well enough within a wide range of frequencies between 0.05 and 10 Hz (Fig. 6d) that it can therefore represent the shape of source spectrum of Table 4 Functional Form of Earthquake Amplitude Source Spectrum We are now able to simulate the amplitude spectrum Af; M 0 ; R for a given moment magnitude at a distance R with site effect Sf by combining the source spectral shape A 0 f; M 0 , with the geometrical spreading coefficients listed in Table 3 and the anelastic decay parameters, Qf, given by equation (9). In Figure 8 , the predicted spectra are compared with the corresponding spectra of four events of M 5.2, 5.6, 6.2, and 7.2 which were recorded, respectively, at four hypocentral distances of R 20, 56, 141, and 76 km. As shown, there are generally good agreements between the observed and predicted spectra. This indicates that the source spectral function proposed in equation (12) can be used reliably in constructing the amplitude spectra of earthquakes in the region when it is incorporated with the path and site parameters evaluated in the present study. Figure 9 also displays an example in which the residuals and their means between the observed and predicted amplitude spectra of events are displayed as functions of distance R for three separate frequencies of 2, 5, and 8 Hz. The good agreement between the results of the model and observations is convincing in that the model can reliably predict the amplitude spectrum Af; M 0 ; R for the wide ranges of frequency, magnitude, and hypocentral distance R used in this study.
Conclusions
Acceleration time series of 32 earthquakes recorded on Building and Housing Research Center strong-motion stations were processed and analyzed to obtain region-specific key seismic parameters and source spectral shape for earthquakes in eastern Iran. Fourier amplitude spectra were used to determine a geometric spreading model and anelastic attenuation by using the Monte Carlo simulation technique. A trilinear geometric spreading model is suggested with hinges at 87 and 119 km. The regional Q-value is Qf 166f 1:13 , based on the obtained trilinear geometric spreading model for the region. The kappa factors, for both horizontal and vertical components, were obtained from the slope of the smoothed amplitude of Fourier acceleration spectrum at higher frequencies. Horizontal and vertical components of κ 0 are 0.048 and 0.035, respectively. The clear difference between vertical and horizontal suggests that there should be a distinguishable near-surface site-attenuation effect on the horizontal components compared with the vertical component. In the absence of adequate information of soil classification for the ISMN stations used in this study the H/V spectral ratio was, alternatively, used as a rough estimate of site amplification. The overall site term, which is the site amplification multiplied by the near-surface attenuation, is obtained by H=Ve −πκ 0v , as described by Motazedian (2006) . The Brune point-source modeling suggests average stress drop 81 36 bars. This is very close to the stress drop reported for California (Atkinson and Hanks, 1995) but is noticeably less than those reported for northeastern America (Atkinson and Boore, 2006; Boore et al., 2010) . To construct an empirical model shape for eastern Iran source spectra (horizontal component of the shear-wave spectrum), several functional forms were tested, including those suggested for California and northeastern America (Atkinson and Boore, 1995; Atkinson and Silva, 1997; . As presented by equation (12), the model we attained is a function of the two multiplicative corner frequencies of f a and f b and parameter ε, in which f a , f b , and ε are magnitude dependent. The model shows good match with the source spectra of events in the frequency range used in the regression. Comparison made between the source spectral shape and the Brune point-source model indicates that while there are good matches between the models at low-and high-frequency levels, our model shape undergoes a gradually increasing amplitude reduction with increase of magnitude. The observed sags of the proposed model with respect to the Brune model point source at intermediate frequencies are expected because source behavior becomes gradually more complex as the event's magnitude becomes larger. Amplitude reduction of the model, averaged between the two corner frequencies f a and f b with respect to the Brune model shows increasing growth from 4% at M 4.4 to 30% at M 7.4. The reduction of spectral amplitudes at intermediate frequencies has important implications for seismic hazards and building codes. Employing the results of wave-propagation parameters to the model shape spectra makes it possible to simulate the amplitude spectrum of earthquakes within the range of frequencies, magnitudes, and hypocentral distances used in this study.
Data and Resources
Strong ground motion data used in this study were obtained from Iran Strong Motion Network; Building and Housing Research Center, Ministry of Housing & Urban Development (www.bhrc.gov.ir/; last accessed April 2010). The assigned moment magnitude (M) for the events with M ≥ 5:0 is that reported by the Global Centroid Moment Tensor catalog (www.globalcmt.org/; last accessed April 2010).
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